Polymorphism of water has been extensively studied, but controversy still exists over the phase transition between high-density amorphous (HDA) and low-density amorphous (LDA) ice. We report the phase behavior of HDA ice inside high-pressure cryocooled protein crystals. Using X-ray diffraction, we demonstrate that the intermediate states in the temperature range from 80 to 170 K can be reconstructed as a linear combination of HDA and LDA ice, suggesting a first-order transition. We found evidence for a liquid state of water during the ice transition based on the protein crystallographic data. These observations open the possibility that the HDA ice induced by high-pressure cryocooling is a genuine glassy form of high-density liquid.
S
upercooled water shows anomalous thermodynamic behavior (1) (2) (3) . Theories that account for these anomalous properties include the stability limit (4), the singularity-free (5, 6) , and the liquid-liquid (LL) critical point (7) hypotheses. The latter 2 hypotheses propose the existence of 2 distinct forms of supercooled water: high-density liquid (HDL) and low-density liquid (LDL) water (8) . In the singularity-free hypothesis, HDL transforms continuously to LDL. In the LL critical point theory, HDL undergoes a first-order phase transition to LDL (8) . However, experimental study of the HDL-LDL phase transition is challenging as supercooled water spontaneously converts to crystalline forms below the homogeneous nucleation temperature (Ϸ235 K at 0.1 MPa). The transition between 2 glassy forms of water, high-density amorphous (HDA) and low-density amorphous (LDA) ice, has been extensively studied (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) , as an analogue of the HDL-LDL transition. Controversy still exists as to whether the HDA-LDA ice transition is truly a first-order phase transition (10) (11) (12) (13) or if it occurs because of a relaxation process of an unstable amorphous structure (15) (16) (17) (18) . More importantly, the connection between the HDA-LDA ice transition and the HDL-LDL phase transition, implied by thermodynamic and structural studies on water (19) (20) (21) (22) , remains challenging to prove experimentally (8) .
We used X-ray diffraction to study the transition of HDA to LDA ice in protein crystals. HDA ice was induced inside protein crystals by a high-pressure cryocooling method (23) originally developed for macromolecular crystallography (23) (24) (25) (26) . The Bragg diffraction from protein crystals mainly provides information on protein structure. The simultaneously recorded water diffuse diffraction (WDD) profile reports on the phase of the water in the protein crystal, which accounts for typically 40-60% of its volume. Fig. 1 shows diffraction images and the WDD profiles from a high-pressure cryocooled crystal of the globular protein thaumatin. As the crystal temperature is increased from 80 to 170 K, the primary WDD peak, corresponding to the mean distance between neighboring water molecule oxygen atoms, shifts to lower momentum transfer (Q) region [Q ϭ 4 sin()/, where is the X-ray wavelength and 2 is the angle between the incident and diffracted X-ray beams] (Fig. 1 A) , indicating a phase transition from HDA to LDA ice (27) . As the crystal temperature is increased, the superimposed WDD profiles (Fig. 1B) exhibit isosbestic points, as expected for a first-order phase transition. A singular value decomposition (SVD) analysis (Fig.  1C) demonstrates that the WDD profiles between 80 and 170 K can be reconstructed as a linear combination of the high-density state at 80 K and the low-density state at 170 K. The WDD profile in the transition region between 80 and 170 K is consistent with a monotonically decreasing HDA phase and a monotonically increasing LDA phase, as shown in Fig. 1D . This 2-state reconstruction is strong evidence that the HDA ice induced inside the protein crystal undergoes a first-order phase transition to LDA ice.
Results
The unit-cell volume of a thaumatin crystal, high-pressure cryocooled at 200 MPa, warmed from 80 to 170 K is shown in Fig.  2A . The primary WDD peak position is plotted as an indicator for the HDA to LDA ice phase transition. The small increase of the crystal unit-cell volume between 80 and 170 K is inconsistent with ice expansion during the HDA to LDA phase transition. Assuming that the unit cell retains all water, and a water volume expansion of Ϸ24% during the HDA to LDA ice phase transition (9), the unit cell (Ϸ60% water by volume) should expand by Ϸ14%. Even if we assume that the water in the protein hydration layer (Ϸ15%) does not undergo the ice phase transition, the unit cell should still expand by Ϸ11%. However, the observed total unit-cell volume expansion from 80 to 170 K is only Ϸ5%. As the observed unit-cell expansion is partially caused by thermal expansion of the protein and radiation damage (28), the contribution of water during the ice phase transition to the unit-cell expansion becomes even smaller. A possible explanation for this discrepancy is that the solvent water flows from the unit cell of the crystal to adjacent inclusions or to the crystal surface during the HDA to LDA phase transition. This idea suggests that the water, rather than remaining continuously in solid amorphous states, exists in a liquid state during the phase transition. As a control, the crystal unit-cell volume of an ambient-pressure cryocooled thaumatin crystal was measured as under warming (Fig. 2B) . In this case, the LDA ice formed inside the crystal during cryocooling remains in the LDA state under warming up to 165 K. The primary WDD peak position does not change appreciably and the unit-cell volume expansion between 80 and 165 K is Ϸ1%, which we ascribe to thermal expansion of the protein and radiation damage.
Crystal mosaicity (Fig. 2 A) , a measure of orientational order between unit cells, was monitored to probe rearrangement of the thaumatin molecules in the high-pressure cryocooled crystal This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: smg26@cornell.edu.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0812481106/DCSupplemental. under warming. The crystal mosaicity drops by Ϸ25% between 135 and 145 K, indicating improved ordering of the proteins during the water phase transition. This unexpected crystal ''self-healing'' effect suggests that the protein molecules were able to rearrange to improve the molecular packing, as if they were in a liquid environment as in the conventional macromolecular crystal annealing (29) (30) (31) . As shown in Fig. 2B , the crystal self-healing effect is not observed in the ambient-pressure cryocooled thaumatin crystal, confirming that the molecular rearrangement requires the water phase transition.
The effects of the water phase transition on the atomic structure of the protein were investigated by collecting 13 complete diffraction datasets between 80 and 165 K from a single high-pressure cryocooled thaumatin crystal. Fig. 3A shows the superimposed solvent channels of the crystal along the crystallographic a-axis at 80 and 165 K. The protein structure changes little under warming, and the negligible size increase of the solvent channel between 80 and 165 K is too small to accommodate the Ϸ24% water expansion during the HDA to LDA phase transition. For the water to expand isotropically and remain within the solvent channels, an estimated 7% increase in channel radius would be required. Fig. 3B shows a disulfide bond between cysteine amino acid residues, Cys-159 and Cys-164, of the high-pressure cryocooled thaumatin upon warming. It is observed that at Ͻ100 K only one rotamer conformation is dominant. Upon warming to 160 K, the electron density of a second conformation gradually emerges. As shown in Fig. 3C , the secondary disulfide rotamer conformation is always present in the ambient-pressure structures over the entire temperature range from 80 to 293 K. The observation in Fig. 3B implies that the first rotamer conformation was favored by high-pressure cryocooling and, upon warming, relaxed to the 2-conformation state preferred at ambient pressure. This site-specific, anharmonic structural relaxation between 100 and 160 K suggests a flexible environment around the protein molecule during the ice phase transition.
Structural relaxation over the whole molecule was monitored via the atomic temperature Debye-Waller factor (B factor) during the ice phase transition. In macromolecular crystallography, the B factors represent the effects of conformational fluctuations and static lattice disorder of the molecule (32, 33) . Fig. 4A shows the B-factor values along the main chain of the high-pressure cryocooled thaumatin molecule from 80 to 165 K. The B-factor profile from a thaumatin molecule at ambient conditions (i.e., 0.1 MPa and 293 K) is plotted for reference. The B-factor profile begins to rise at Ϸ135 K. By 165 K the B-factor profile resembles that at ambient conditions. Under cooling from room temperature to cryogenic temperatures, the collective thermal motions of the protein molecule are damped and static disorder becomes dominant. Fig. 4A suggests that the thermal motions of the protein molecule that were damped by high-pressure cryocooling have been released during crystal warming. This result supports the conclusion that the thaumatin molecules were exposed to a flexible environment during the temperature increase from 80 to 165 K. As a control, the B factors from an ambient-pressure cryocooled thaumatin crystal are plotted from 80 to 165 K (Fig. 4B) . The B-factor profiles over the entire temperature range show no significant rise and exhibit a distinct difference from the profile at ambient conditions. This result indicates that the damped thermal motion of the protein is not released over this temperature range if the molecule is trapped in the LDA ice state. Hence, the B-factor increase in Fig.  4A is directly related to the state of water during the phase transition and is not a consequence of the temperature rise alone.
The unit-cell volume increase shown in Fig. 2 A is reproducible in other thaumatin crystals (Fig. S1) . Furthermore, these observations are not specific to thaumatin because evidence for fluid water is also observed in glucose isomerase and elastase crystals ( Fig. 2 C and D, respectively) . In both cases, the phase transition from HDA to LDA ice begins at Ϸ100 K. As with thaumatin, the unit-cell volume expansion during the HDA to LDA phase transition is too small to accommodate the expanded water. Crystal self-healing is also observed during the ice phase transition in these crystals. The 3 types of protein crystals used in this study have differing crystallization conditions, crystal symmetries, solvent channel networks, and total water contents. Nonetheless, they all display behavior under warming that suggests the existence of liquid water at temperatures ranging from 80 to 170 K. Therefore, we believe that our results reflect the intrinsic properties of water confined within the macromolecular channels inside the high-pressure cryocooled protein crystals.
Discussion
It has been reported that the HDA ice prepared by the conventional method [compressing hexagonal ice Ͼ1 GPa at 77 K (9)] exhibits a relaxation process in the transition to LDA ice (15) (16) (17) (18) . Using high-pressure cryocooling, HDA ice is induced by pressurizing samples at 283 K, which are then cooled to 77 K while still under pressure (23) . As shown in this study, the HDA ice induced by high-pressure cryocooling leads to a first-order phase transition to LDA ice even without annealing at high pressure (13) . More importantly, our observations provide evidence for a liquid state of water during the ice transition, suggesting a possible glass transition of HDA ice, which opens the possibility that the HDA ice induced by high-pressure cryocooling may be a true glassy form of HDL.
It has been proposed that HDA ice is thermodynamically smoothly connected to HDL water (19) (20) (21) and that LDA ice is structurally related to LDL water (8, (34) (35) (36) . Combined with the evidence for liquid water in this study, these predictions suggest that both HDL and LDL water may coexist during the ice phase transition inside high-pressure cryocooled protein crystals. If so, it is plausible that the observed first-order phase transition is a transition between HDL and LDL water. This interpretation is supported by the LL critical point theory, which predicts a first-order transition from HDL to LDL water (7). These predictions and the experimental results presented here suggest that during warming of high-pressure cryocooled protein crystals, HDA ice first transforms smoothly to HDL water, then undergoes a first-order transition to LDL water, and finally continuously converts to LDA ice.
Further work is needed to provide more direct evidence on the existence of liquid water and resolve subtleties in the liquid states (i.e., HDL and LDL). It also remains to be seen whether the liquid state of water exists during the HDA to LDA ice transition not only in the water confined to the interior spaces of a protein crystal but also in high-pressure cryocooled bulk water (27) . Experiments with faster time resolution (37) and that directly probe the dynamic properties of liquid water (38, 39) may provide more insight into the phase behavior of supercooled water.
Materials and Methods
Protein Crystallization. Lyophilized thaumatin powder from Thaumatococcus daniell (catalog no. T7638; Sigma) was used for crystallization without further purification. Crystals were grown at 20°C by the hanging-drop method with 25 mg/mL thaumatin solution in 50 mM Hepes buffer at pH 7 and crystallization solution containing 0.9 M sodium potassium tartrate as a precipitant (27) . The crystal space group was determined to be P4 1212, having a solvent content of 60% by volume.
Glucose isomerase from Streptomyces rubiginosus was purchased from Hampton Research (catalog No. HR7-102). Crystals were grown by the hanging-drop method by mixing a reservoir solution containing 1.15 M ammonium sulfate, 1 mM magnesium sulfate, and 10 mM Hepes, pH 7.5, with 25 mg/mL protein solution in pure water (27) . The crystal space group was determined to be I222, having a solvent content of Ϸ55%.
Lyophilized porcine pancreas elastase (catalog no. 20929; SERVA) was used for crystallization without further purification. Crystals were grown by the hanging-drop method by mixing a reservoir solution containing 30 mM sodium sulfate and 50 mM sodium acetate, pH 5.0 with a 25 mg/mL protein solution in pure water (27) . The crystal space group was determined to be P2 12121, having a solvent content of Ϸ40%.
Crystal Cryocooling. High-pressure cryocooling of crystal samples was carried out as described by Kim et al. (23) . In brief, samples were loaded into the high-pressure cryocooling apparatus, which was then pressurized with helium gas to 200 MPa at ambient temperature. Once at high pressure, the samples were dropped into a zone that was precooled to liquid-nitrogen temperature (77 K). Helium pressure was then released. Thereafter crystal samples were handled/stored at ambient pressure and at liquid-nitrogen temperature before X-ray diffraction measurements.
For the crystal cryocooling at ambient pressure, 25% glycerol was added to crystals as a cryoprotectant to prevent the crystalline ice formation. Then the crystal was cryocooled by directly plunging into liquid nitrogen at ambient pressure. Source. The high-pressure cryocooled crystals were carefully transferred from liquid nitrogen to a goniometer to prevent sample warming. During data collection, the sample temperature ranging from 80 to 170 K was controlled by a Cryostream 700 series cryocooler from Oxford Cryosystems. During the warming studies, sample temperature was increased at the rate of 2-6 K/min. After reaching a desired temperature, samples were left at the temperature for 5-10 min for equilibration. The X-ray diffraction data of the protein crystals were collected with temperature steps of 2 or 5 to 10 K, with the smaller temperature steps taken in the vicinity of the phase transition.
X-Ray
For the crystal diffraction data analysis in Fig. 2 , 5 consecutive images were collected at each temperature, with an oscillation angle of 1°starting at the same crystal orientation. The X-ray exposure time was 3-5 s. The momentum transfer vector Q is given by Q ϭ 4 sin()/, where is the X-ray wavelength and 2 is the angle between the incident beam and the diffracted X-rays. The corresponding d-spacing in real space is given by d ϭ 2/Q.
To study the solvent channels and the atomic temperature factors of thaumatin, shown in Figs. 3 and 4 , 13 complete diffraction datasets (each of 60 frames with 1°oscillation) were collected between 80 and 165 K with the 5-10 K temperature increment from a single thaumatin crystal high-pressure cryocooled at 200 MPa. Another 13 complete datasets from a single thaumatin crystal cryocooled at ambient pressure were collected as a control. Finally, a complete dataset from an unfrozen thaumatin crystal at ambient conditions [ambient pressure (0.1 MPa), 293 K] was collected as a reference. Details on the data collection statistics can be found in Tables S1 and S2 . Data Analysis. Diffuse diffraction from water. Each diffraction pattern from a protein crystal consists of Bragg peaks from the protein molecules in the crystal superimposed on the diffuse diffraction rings arising from the oil external to the crystal and water internal to the crystal. The underlying diffuse diffraction was isolated from the Bragg spots by applying a custom polarcoordinate median filter to the intensity values of the image (27) . The sampleto-detector distance was calibrated based on the known Bragg peaks of hexagonal ice. Peak positions for the WDD were determined by fitting a quadratic function in the vicinity of the maxima.
Crystal diffraction. Unit-cell parameters and crystal mosaicity at each temperature in Fig. 2 were refined by processing 5 consecutive 1°oscillation images with DPS (40) and HKL2000 (41), independently. Fig. S2 shows the result of data analysis with DPS and HKL 2000 for comparison. Both programs yielded the same trends of unit-cell volume and mosaicity as a function of temperature, with only minor differences, implying that the results are not artefacts of the data analysis programs.
The complete 13 datasets from a high-pressure cryocooled thaumatin crystal at 200 MPa described in the data collection section could also generate the unit-cell and mosaicity profiles as a function of temperature as in Fig. S1 . This finding confirms that the trend in Fig. 2A is reproducible in other thaumatin crystals. Structure Refinement. The complete thaumatin datasets used for Figs. 3 and 4 were indexed, prerefined, integrated, postrefined, scaled, and merged with HKL2000 (41) . The initial structures were determined by the molecularreplacement method using MOLREP (42) from the CCP4 program suite (43) . The structures were then refined against the dataset with REFMAC5 (44) . The refined structures were proofread with COOT (45) . The refined structures in Fig. 3 were generated with PYMOL (46) . Details on the refinement statistics can be found in Table S3 .
